Dynamic contact angles and contact-angle hysteresis of a series ofpoly(n-alkyl methacrylates) (PAMA) were investigated using the Wilhelmy plate technique. The mobility of polymer surface chains, segments, and side groups affected the measured contact angles and their hysteresis. A model is presented in which contact-angle hysteresis of PAMA's is explained in terms of the reorientation of polymer chains and segments at the interface of the polymers with water and air. The contact angles observed also indicated structural transitions in the polymer surfaces of PAMA's that were dependent on alkyl side chain length and temperature.
INTRODUCTION
When dynamic contact angles of polymers at the air-water interface are measured, different advancing and receding contact angles are often observed.
Contact-angle hysteresis is influenced by surface heterogeneity (1), surface roughness (2, 3) , surface deformation (4) , and chemical contamination of the water. Deformation of the polymer surface results in a very small hysteresis, even in highly deformable systems. The other influences can be minimized by employing smooth, homogeneous surfaces and hyperfiltrated water.
In addition to the above mentioned causes, contact-angle hysteresis of polymer surfaces can be induced by a change in the orientation of surface polymeric chains and their side groups or segments at the water or air interface (5) (6) (7) . In particular, the mobility ofhydrophilic groups on the surface of hydrogels was suggested as a factor that can influence the contact-angle hysteresis (6) .
The influence of hydrophobic side chains on the surface properties of polymers has scarcely been investigated. Differences in local short range motions of short alkyl chains grafted on silica were detected using inverse gas chromatography (8) , but the effect of these short range motions on contact-angle hysteresis has not been elucidated.
In a previous study we observed anomalies in the contact angle hysteresis of poly(n-alkyl methacrylates) (PAMA's) (9) . The aim of the present study was to investigate the cause of these anomalies by determining the effect of temperature and side chain length of a series of PAMA's on contact-angle hysteresis using the Wilhelmy plate technique.
MATERIALS AND METHODS
Polymer synthesis. The PAMA's used in this study are listed in Table I . The monomers (Polyscience, Inc., Warrington, Pa.) were purified by extraction of the inhibitor with aqueous sodium hydroxide solution (10%). After washing with water, the monomers were distilled under reduced pressure. Polymers were synthesized by radical polymerization in toluene (solvent-to-monomer ratio 9:1 (v/v)) at 60°C under nitrogen for 24 h using 2,2'-azobis(methyl isobutyrate) as an initiator (1.8 mg ml -~ monomer). The initiator was synthesized from 2,2'-azoisobutyronitrile (Fluka AG, Buchs, Switzerland) as described by Mortimer (11) . Polymers were precipitated twice in nonsolvent and dried under reduced pressure.
Molecular weights. Molecular weights were determined using a High-Pressure Liquid Chromatography-Low Angle Laser Light Scattering system (HPLC-LALLS). The LALLS used was a Chromatix Model KMX-6 (Milton Roy, Division LDC, Stone, U.K.). A Waters, Model R 401 (Milford, Mass.) differential refractometer was used to measure concentrations at ), = 633 nm. PAMA's with n = 1-10 (n is the number of C atoms in the alkyl side chain) were dissolved in butanone, and the solutions were applied to SE 1000, SE 500, and SE 100 columns (DuPont de Nemours, Wilmington, Del.) which were used in series. The flow rate was 2.02 ml rain -1. PAMA's with n = 12 and n = 18 were dissolved in tetrahydrofuran, u-Styragel HPLCcolumns with exclusion limits of 105 , 104 , 103 , and 500 A were used in series for these polymers, employing a flow rate of 1.04 ml min -1. heating rate of 10°C min -l and a range setting of 1 mcal S -1 full scale. Prior to measurement, the samples were maintained at a temperature well below Tg for at least 10 min.
Glass transition temperatures.
Preparation of thin polymer coatings. Polymer solutions in toluene (3%) were filtered through 0.45-/~m membrane filters (Type FP 030/70, Schleicher & Schull, GmbH, Dassel, F.R.G.) and stored in particulate-free brown bottles. Polymer coatings were prepared by slow (4 cm min-m), uniform dipping of cleaned silane-treated microscope glass coverslips (Type No. 1, 25 × 50 mm, Propper, Ltd., Smethwich, Warley, U.K.). The films were dried for 3 h at 60°C in a nitrogen atmosphere. Polymer coatings on silanized glass were examined with, a light microscope and were smooth, homogeneous, and particle-free.
Coverslips were cleaned by immersion in chromic acid for 20 rain at 80°C. The coverslips were then rinsed four times for 1 min with hyperfiltrated water to remove residual chromic acid, and two times for 3 min with ethanol to remove excess water. The coverslips were transferred to a chlorotrifluoroethylene (Freon TF, DuPont de Nemours) vapor bath for 10 min. The cleanliness of the glass was assessed by Wilhelmy plate contact-angle measurements. Coverslips were always cleaned immediately prior to silanization. Silanization was performed with aminopropyltriethoxysilane (Janssen Chemica, Beerse, Belgium) as described by Haller (12) .
Dynamic contact-angle measurements. Dynamic contact angles were measured using the Wilhelmy plate technique (13, 14) . The polymer-coated coverslips were immersed in a beaker containing hyperfiltrated water at a speed of 11 mm min -x. The temperature of the water was varied between 5 and 50°C, and the room temperature was maintained at 20°C. The surface tension of hyperfiltrated water (710 at 20°C was determined to be 72.6 X 10 -3 ___ 0.5 X 10 -3 N m -1 using completely wetting, ultraclean coverslips. To obtain the wetting curves, the weight of the coverslips was measured as a function of the immersion depth with an electrobalance (Model RM-2, Chan/Ventron, Paramount, Calif.). After extrapolation of the plots obtained for the advancing and receding modes to zero immersion depth, contact angles (0) were calculated from (m -mo)g = p'ylvcos 0 + Vpg, [ 1 ] in which mg (N) represents the weight of the slide as measured with the electrobalance, m0g the weight of the sample immediately after retraction from the water bath, g the local gravitational constant (9.812 m s-Z), p the perimeter of the sample (p = 0.0484 m for coverslips), V(m 3) the volume of immersed sample at particular depth, and p (kg m 3) the density of the liquid. The buoyancy factor Vpg could be eliminated after extrapolation to zero depth.
RESULTS

Synthesis of Polymers and Characterization
The results of the polymer synthesis and polymer characterization are presented in Table I. PAMA's with n = 1, 4, 5, 6, 7, 8, 9, 10, 12, and 18 were synthesized. Yields varied from 12 to 56%. Number average molecular weights (~¢.) varied from 8.9 X 105 to 13.7 X 105. Weight average molecular weights ()Q~) varied from 14.1 X 105to 22.6 X 105. All ~rw/ -Qn ratios obtained were between 1.5 and 2.0 (Table I) .
The glass transition temperatures determined for the polymers were close to values reported in the literature (10) .
Dynamic Contact Angles
Dynamic advancing and receding water contact angles were determined on PAMA's at various temperatures. At 20°C, advancing contact angles were observed to increase from 95 to 116 degrees with increasing alkyl side chain length (Fig. 1) . Receding contact angles reached a maximum of 75 degrees on PAMA (n = 6) and a minimum of 40 degrees on PAMA (n = 12). From the nine polymer coatings of each PAMA used for contact angle determination at 20°C, three were selected for contact-angle measurements at other temperatures.
When the temperature was raised to 50°C, the lowest receding contact angle (36 degrees) was observed for PAMA (n = 10) (Fig. 2) .
At a temperature of 5°C, contact angles of all polymers remained similar to those measured at 20°C, except for the receding angle of PAMA (n = 18). This angle increased sharply from 48 degrees at 20°C to 80 degrees at 5°C.
After storing the PAMA (n = 18) samples in air for 3 weeks their contact angles were measured in the temperature range of 5 to 20°C (Fig. 3) . For the first measurement, taken at 20°C (point 1) the advancing contact angle was 111 degrees. The angle decreased to 103 degrees in the second measurement taken at 15°C (point 2) and remained constant in the subsequent measurements (points 3, 4, and 5) taken at 10, 5, and 18°C, respectively.
DISCUSSION
As expected PAMA's with increasing alkyl side chain length exhibit more hydrophobic surfaces which results in increasing advancing contact angles (Fig. 1) . The increasing receding contact angles measured for PAMA (n = 1-6) may similarly be attributed to the increased hydrophobicity induced by the alkyl side chains. The contact-angle hysteresis of these rigid polymers can be explained by polymer side chain beta-relaxations (3).
The decrease of the receding contact angles observed when the length of the alkyl side chains exceeds n = 6 was unexpected and may be explained by an increased mobility of large polymeric segments at the PAMA surface. This increase in mobility of surface groups may be correlated with a change in the mobility of the bulk polymer segments which is exhibited as a decrease in Tg (Table I) . This effect is due to internal plasticization of the PAMA's by the alkyl side groups (16) . Increased mobility might result in reorientation of ester groups at the surface in the water phase, causing a lower receding contact angle as compared with the advancing angle (6) . For the PAMA's with n > 6 however it is unlikely that a reorientation of ester groups at the surface is the greatest contributory factor to the observed increase in contact-angle hysteresis. It is most likely that as the alkyl side chain length increases the ester groups are more shielded, and their relative contribution to contact-angle hysteresis is effectively diminished.
Flexible hydrophobic side chains of PAMA surfaces may reorient when exposed to water. When this reorientation is slow in relation to the movement of the interface, but fast relative to the residence time in water between the advancing and receding movement, the receding
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I °°I [21 a relation is given between the displacement speed (Is) of the water-air interface, the thickness of the three-phase junction across the solid phase (I) and the residence time (r) of molecular groups at the surface in the threephase junction. With a displacement speed (I7) of 0.02 cm s -~ used in our experiments and a three-phase junction thickness (l) of 10 6 cm, this residence time will be 5 X 10 -7 s. When molecular groups at the surface can reorient with a relaxation time longer than r but shorter than the residence time in the water phase, which is in the order of minutes, reorientation of these groups will take place after they pass the three-phase junction in the advancing movement, but before they pass this junction again in the receding movement. In this time range, from 5 × 10 -v s to several minutes, several o~ and/3 relaxations of PAMA's can be expected to take place (17) .
The decrease in receding contact angles of PAMA's with n > 6 may thus be explained by using a model as presented in Fig. 4 . In the original situation (a), the hydrophobic alkyl chains may be preferentially oriented toward the vapor phase. This situation will not change inifiat advancing advancing receding mode mode mode
during the measurement of the initial advancing contact angle (b). During the residence in the water phase (c) between the measurement of the advancing and the receding contact angle, the surface molecules may reorganize by an increased interaction between the alkyl side chains at the surface. This increased interaction will lead to a decreased number of hydrophobic segments which interact with water, resulting in a decrease of the interfacial free energy and consequently of the interfacial tension (%0-The receding contact angle is measured on the reoriented surface (d), which has a higher interfacial tension with the vapor phase (%v) than the original surface. The higher interfacial energy is caused by a decrease of the entropy which is due to the increased interaction of the alkyl side chains. According to Young's law:
The increased %v and the decreased 3"a, then result in a receding contact angle which will be lower than the advancing contact angle. When returned to air (e), the surface molecules will tend to reorganize to their original conformation. In subsequent contact-angle measurement cycles, decreased advancing contact angles were observed (Fig. 3) , indicating that the return of surface molecules to their original conformation is not complete. A number of subsequent contact-angle measurements performed over equally short time intervals gave constant advancing contact angles, according to situation (f) in the model. Decreased receding contact angles are observed for PAMA (n = 8 or n = 10) at 50°C. Apparently the mobility of surface polymer chains or segments of these polymers increases significantly between 20 and 50°C enabling the surface to reorganize in water. When the temperature is lowered from 20 to 5 °C, PAMA (n = 18) shows an increase in receding contact angle, probably due to decreased mobility of polymeric segments. The interaction between the long side chains of this polymer probably inhibits surface reorganization in water.
Phase transitions in monolayers of PAMA's at water-air interfaces were observed by Crisp (18) . At room temperature a PAMA (n = 1) monolayer exhibited solid behavior, while a PAMA (n = 4) monolayer displayed several phase transitions and liquid behavior. When a PAMA (n = 18) monolayer was compressed and the temperature was raised from 20 to 30°C, liquefaction of the solid layer was observed. Crisp suggested that the alkyl side chains of PAMA (n = 18) largely determined the state of the monolayer. It is realized that monolayers behave differently from the surfaces of the thin films investigated here by contact-angle measurements; nevertheless, the behavior of the PAMA surfaces is analogous to the behavior of monolayers reported by Crisp, although the transitions occur at different temperatures.
CONCLUSIONS
Water contact-angle hysteresis of PAMA's as measured by the Wilhelmy plate technique may be explained by the reorganization of polymer side chains or segments at the polymer surface.
When the side chain length of PAMA's is increased from n = 6 to n = 12 the mobility of polymeric segments increases due to internal plasticization. This allows a reorganization of polymer segments at the interface when in contact with water. Further increase in the length of the side chain (n = 18) reduces the mobility of polymer segments and impedes the reorientation of polymeric groups at the interface.
Changes in contact-angle hysteresis measured at different temperatures suggest structural transitions in the polymeric surface involving changes in mobility of polymeric chains or segments.
